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1 .  Introduction 


Newer  developments  in  the  field  of  high  speed/high  power  electromagnetics  applica¬ 
tions,  such  as  Ultrawideband  (UWB)  radar,  plasma  limiters,  and  fast  general  purpose 
pulsed  power  applications,  require  high  power  switching  times  far  below  one  nanosec¬ 
ond.  Information  about  switch  closure  times  and  standoff  voltages  for  short  pulses  is  of 
relevance  for  many  switching  and  insulation  tasks,  for  both  volume  breakdown  in  differ¬ 
ent  media  as  well  as  for  surface  discharges  along  interfaces. 

The  technology  for  achieving  these  switching  times  is  mainly  based  on  empirical 
studies,  and  the  understanding  of  the  basic  physical  processes  is  limited.  High  pressure 
gas  switches,  with  N2  or  H2,  for  example,  have  been  shown  to  produce  risetimes  on  the 
order  of  50  to  200  ps  [1,  2,  3],  and  their  principle  of  operation  is  described  in  terms  of 
standard  gas  breakdown,  i.e.  the  Townsend  and  streamer  mechanism. 

The  physics  background  for  breakdown  caused  by  short  pulses  with  high  overvolt¬ 
ages  is  far  from  being  clear.  Some  publications  from  the  1960’s  on  delay  times  include 
the  work  of  Felsenthal  and  Proud  [4].  Physical  models  discussing  streamer  development 
under  electron  runaway  conditions  have  been  introduced  by  Kunhardt  and  Byszewski  [5, 
6,  7],  and  experimental  data  on  the  development  of  breakdown  current  and  x-ray  emis¬ 
sion  due  to  fast  electrons  in  nanosecond  pulses  of  several  10  kV  amplitude  have  been 
given  by  Byszewski  [8  ,9],  More  recent  work  originated  prevalently  from  Russia,  and 
emphasizes  the  role  of  runaway  electrons  for  discharges  in  relatively  low  pressure  gases 
[10,11,12], 

For  rep-rated  operation,  special  subnanosecond  breakdown  phenomena,  such  as  corona 
discharges,  act  as  limiting  mechanisms.  These  discharges,  their  ignition  and  re-ignition 
are  also  not  understood.  It  is  not  clear  how  much  energy  is  dissipated  by  these  discharges, 
and  how  they  can  be  avoided.  The  investigation  of  sub-nanosecond  breakdown  opens  a 
way  to  investigate  corona  discharges  as  well,  provided  that  rep-rated  sub-nanosecond 
pulsers  are  available.  Some  information  on  the  recovery  behavior  of  fast  gas  switches  can 
be  found  from  indirect  measurements  of  the  electron  density  vs.  time,  mainly  by  measur¬ 
ing  the  luminosity  of  the  recombining  plasma  for  a  long  time  scale. 

The  recent  availability  of  high-voltage  pulsers  reaching  into  the  several  100  kV  regime 
with  risetimes  of  less  than  300  ps  [13,  14],  and  of  transient  digitizers  with  risetimes  down 
to  1 00  ps  enables  exploration  of  breakdown  at  higher  voltages  and  shorter  pulse  risetimes 
than  several  years  ago.  A  crucial  element  is  the  application  of  a  high  voltage  pulse  to  a 
test  gap,  with  the  goal  to  minimize  risetime  limitations  due  to  capacitance  and  changes  in 
geometry.  Some  attempts  have  been  made  to  design  and  investigate  fast  switching  de¬ 
vices  using  transmission  lines  and  special  matching  techniques  for  coaxial  line  to  gap, 
such  as  the  use  of  biconical  transmission  line  sections  and  lenses  to  minimize  pulse  dis¬ 
tortion  [15,  16], 

This  project  concentrated  on  UWB  aspects  of  fast  discharges,  where  both  switching 
and  avoiding  corona-like  discharges  in  atmospheric  and  sub-atmospheric  pressure  are  of 
interest.  The  parameter  space  covered  gap  widths  on  the  order  of  one  millimeter  in  a 
pressure  of  several  torr  up  to  one  atmosphere  in  argon  as  a  model  gas,  and  in  air.  Ampli¬ 
tudes  of  voltages  applied  to  the  gap  were  between  80  and  300  kV  for  quasi  homogeneous 
fields,  and  5  kV  for  tip  plane  geometry.  Both  volume  discharges  and  discharges  along 
Lexan  surfaces  were  investigated.  Diagnostics  include  the  measurement  of  voltage  across 
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the  gap  and  conduction  current  through  the  gap,  x-ray  diagnostics  using  metal  foil  ab¬ 
sorption  techniques  for  quantum  energies  covering  the  range  up  to  150  keV,  optical  diag¬ 
nostics  using  a  streak  camera  with  several  10  ps  resolution  to  characterize  the  discharge 
channel  dynamics,  and  supplementary  measurements  of  the  afterglow  emission  of  visible 
light  yielding  information  about  the  initial  electron  density  and  recovery  behavior.  Simple 
modeling  has  been  performed  describing  the  transition  from  vacuum  discharge  to  gaseous 
collisions  and  charge  amplification  processes  supporting  the  major  experimental  findings. 

Results  of  this  project  reveal  the  basic  mechanisms  leading  to  gas  breakdown  in  the 
sub-nanosecond  time  regime.  Over  the  whole  parameter  space  the  breakdown  is  governed 
by  runaway  electrons.  Statistical  time  delays  are  not  observed,  from  which  we  infer  a  dis¬ 
charge  starting  process  due  to  electron  field  emission.  With  increasing  pressure,  space 
charge  effects  due  to  gaseous  ionization  are  expected,  providing  a  transition  from  a 
Townsend-like  discharge  to  streamer.  The  discharge  structure  and  the  amplification 
mechanisms  are  different  from  standard  discharges,  however.  Fast  acceleration  of  elec¬ 
trons  to  energies  at  which  the  cross-sections  are  strongly  decreasing  leads  to  energy  dis¬ 
sipation  in  a  thin  cathode  layer  only,  and  the  short  development  times  of  the  channels 
provide  a  decoupling  of  individual  channels  and  multi-channel  breakdown.  The  experi¬ 
mental  results  have  been  complemented  by  simple  modeling  using  the  “average  force 
equation”  in  the  strong  runaway  regime.  Together,  they  provide  a  way  to  model  break¬ 
down,  and  deliver  a  data  base  which  will  be  highly  valued  by  several  research  groups 
working  in  the  field  of  applications  of  fast  switching. 


2.  Methodology 
2.1  Setups 

During  the  course  of  this  project,  three  different  setups  have  been  used.  Common  to 
all  setups  is  the  use  of  a  high  voltage  pulser,  connected  via  a  transmission  line  to  a  test 
gap  in  controllable  atmosphere,  and  a  second  transmission  line  on  the  other  side  of  the 
gap  simulating  a  matched  load. 

Setup  #1.  In  the  initial  phase,  a  Bournlea  pulser  with  about  5  kV  amplitude  served  as 
a  source  for  tests  with  a  tip-plane  geometry,  with  extremely  inhomogeneous  electric 
fields  in  the  gap.  This  work  represented  the  continuation  of  AFOSR-funded  previous  pro¬ 
jects  from  about  2000  to  2004  [17-21]. 

Setup  #2.  The  availability  of  a  RAD  AN  303  A  pulser  with  pulse  sheer  SN  4  enabled 
the  investigation  of  breakdown  for  quasi-homogeneous  fields  for  both  volume  and  sur¬ 
face  breakdown  with  pulser  voltages  up  to  150  kV.  [22,  23]. 

Setup  #  3.  This  setup  was  improved  in  the  third  phase  to  a  custom-build  oil-filled 
transmission  line  coupled  via  a  dielectric  lens  to  a  biconical  line  connected  to  the  gap. 
This  setup  represents  the  achievable  optimum  with  respect  to  minimizing  pulse  distortion 
and  still  providing  accessibility  for  a  variety  of  diagnostics  methods.  [24] 
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Fig.  1.  Basic  setup  for  tip-plane  geometry  (Setup  #  1,  with  Boumlea  pulser)  with  RG-19 
coax  lines.  The  same  basic  arrangement  was  used  with  flat  electrodes  and  RAD  AN  pulser 
(Setup  #2) 


Fig.  2.  Feedthrough  arrangement  used  for  setup  in  Fig.  1 
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Fig.  3.  Setup  #3  with  oil-filled  transmission  lines,  and  lens  transition  from  coaxial  to  bi- 
conical  line.  Not  to  scale,  overall  length  5  m,  outer  diameter  of  coax  4  cm. 

2.2  Diagnostics 

Common  in  all  setups  for  electrical  diagnostics  was  the  use  of  capacitive  voltage  di¬ 
viders  integrated  into  the  transmission  lines  at  positions  which  allowed  separation  of  in¬ 
cident  and  reflected  pulses  on  the  input  line.  These  dividers  provide  a  risetime  of  several 
10  ps,  a  droop  on  the  order  of  several  10  ns,  and  they  limit  the  risetime  of  the  transmitted 
signal  (i.e.  signal  propagating  along  the  transmission  line  after  crossing  the  divider)  again 
to  several  10  ps.  In  conjunction  with  the  digitizer  used,  Tektronix  TDS  6604  with  50  ps 
sampling  time  and  6  GHz  analog  bandwidth,  these  dividers  seem  to  be  the  ideal  line  volt¬ 
age  monitor,  much  more  suitable  than  e.g.  shunts  or  magnetic  current  sensors  which 
would  cause  much  larger  signal  distortion  on  the  main  line. 

The  voltages  traveling  on  the  transmission  lines,  i.e.  incident  and  reflected  voltage  on 
the  input  side,  and  transmitted  voltage  at  the  output  side,  allow  the  determination  of  gap 
voltage  and  gap  conduction  current,  and  especially  their  temporal  correlation  [23,  24]. 
The  accuracy  of  this  determination  is  limited  by  noise  following  the  main  pulse  from  the 
RAD  AN,  and  by  reflections  on  the  transmission  lines,  especially  at  feedthroughs,  used  in 
the  second-phase  setup  with  standard  transmission  lines.  The  signal  disturbances  due  to 
non-ideal  transmission  lines  have  been  virtually  eliminated  for  the  last  setup,  at  least  as 
far  as  the  pulse  application  to  the  gap  and  the  measurement  of  the  transmitted  pulse  is 
concerned. 

To  quantify  the  role  of  fast  electrons  in  the  discharge,  a  standard  x-ray  diagnostics 
method  is  used  to  measure  the  spatially  integrated  intensity  and  to  estimate  the  spectral 
distribution  with  absorber  foil,  plastic  scintillator  (Bicron  BC  404),  and  photomultiplier 
tube  (Hamamatsu  R  1828-01,  nominal  amplification  3x1 07).  Neutral  density  filters  have 
been  used  to  limit  the  photomultiplier  to  its  linear  range.  The  decay  time  constant  of  this 
system  is  about  2  ns,  and  the  x-ray  measurements  have  to  be  considered  time  integrated. 
Details  are  described  in  the  pertinent  publications  [23,  24]. 

Information  about  the  discharge  channel  structure  and  dynamics  was  obtained  using  a 
Hadland  Imacon  500-100  streak  camera,  with  image  tube  PV001/S20uv.  A  line  perpen¬ 
dicular  to  the  discharge  axis  was  imaged  onto  the  entrance  slit  of  the  camera  with  4-fold 
magnification,  and  streak  speeds  down  to  50  ps/mm  were  used.  Portions  around  the  cath- 
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ode,  the  center  of  the  gap,  and  anode  were  imaged  separately.  In  a  second  set  of  images, 
the  entrance  slit  was  placed  along  the  discharge  axis  in  the  center. 


3.  Results 

3.1  Breakdown  voltage  and  breakdown  time  constants 

For  the  majority  of  the  measurements  electrical  diagnostics  only  were  used.  Detailed 
results  are  described  in  the  references  20-24.  The  following  discussion  concentrates  on 
items  which  have  not  been  published  in  detail  yet.  In  virtually  all  cases,  breakdown  oc¬ 
curred  during  the  rising  portion  of  the  applied  voltage,  which  makes  the  definition  of 
breakdown  voltage  and  breakdown  delay  time  somewhat  ambiguous.  We  define  the  fol¬ 
lowing  time  constants,  cf.  Fig.  4: 


xvi 


Fig.  4.  Generic  signals  of  voltage  across  the  gap  and  current  through  the  gap.  Vb  break¬ 
down  voltage,  tr  voltage  risetime,  tv  FWHM  of  voltage,  or  switching  time,  Tyi  voltage- 
current  delay  time,  xi=l/(dl/dt)  current  amplification  time 

The  following  two  figures,  Fig.  5  and  6,  show  the  breakdown  voltages  for  40  kV  and 
100  kV  pulser  voltage,  measured  with  setup  #3  for  an  axial  gap  with  voltage  doubling. 
These  pseudo-“Paschen”-curves  confirm  the  general  tendency  for  the  shift  of  the  pressure 
at  which  the  voltage  attains  a  minimum  to  larger  values  for  increasing  amplitudes  of  the 
applied  field  (or  increasing  dV/dt )  [25,  26].  Compare  also  Fig.  4  in  ref  [23]. 
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40  kV  Breakdown  Amplitude 
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Fig.  5.  Breakdown  voltage  for  argon,  with  40  kV  pulser  amplitude 
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Fig.  6.  Breakdown  voltage  for  argon  and  air  with  100  kV  pulser  amplitude 

Breakdown  voltages  for  surface  flashover  differ  from  the  ones  for  volume  breakdown 
(cf.  Fig.  4  in  ref  [23])  and  show  a  pronounced  minimum  at  several  torr,  which  might  be 
associated  with  a  difference  in  the  charge  carrier  amplification  mechanism,  where  secon¬ 
dary  electrons  and  outgassing  are  expected  to  play  a  major  role. 

Minimum  breakdown  voltages  are  associated  with  minimum  discharge  development 
times,  see  Fig.  7  as  an  example.  These  data  were  obtained  with  setup  #3  and  an  axial  gap, 
where  a  parasitic  discharge  developed  radially  after  a  pressure-dependent  time  delay.  The 
axial  discharge  is  considered  to  be  the  primary  discharge  with  “standard”  breakdown, 
whereas  the  radial  discharge  seems  to  be  triggered  by  the  axial  one. 
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Fig.  7.  Delay  times  between  voltage  and  current  for  40  and  100  kV  pulser  amplitude 

The  time  constant  xi=l/(dl/dt)  is  obviously  the  most  relevant  for  the  description  of  the 
discharge  “physics”.  Unfortunately,  it  has  to  be  found  from  difference  and  differential 
operations  on  the  originally  measured  signals,  and  the  accuracy  of  its  determination  is 
limited  by  noise  as  well  as  by  the  somewhat  insufficient  sampling  rate.  Examples  for  ra¬ 
dial  breakdown  (cf.  [23])  show  xi-values  varying  between  300  and  50  ps  at  pressures  be¬ 
low  20  torr,  and  are  in  the  range  of  180±30  ps  for  higher  pressures.  With  axial  breakdown 
(which  means  a  factor  of  four  faster  gap  capacitance  charging  than  for  radial  breakdown), 
this  time  constant  is  by  about  a  factor  of  3  smaller,  cf.  Fig.  8. 


PRESSURE  [ton] 

Fig.  8.  Time  constant  xi  for  argon  and  100  kV  pulser  voltage,  measured  with  setup  #3. 
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3.2.  X-ray  emission 

Preliminary  x-ray  measurements  with  low  resolution  and  relatively  high  PMT  noise 
level  have  been  done  with  setup  #2  and  are  described  in  [23].  They  show  that  relatively 
hard  x-rays  (E>  30  keV)  are  emitted  for  pressures  up  to  150  torr.  An  improved  setup  with 
largely  reduced  noise  level  was  used  to  measure  the  x-ray  emission  for  setup  #  3,  for  ax¬ 
ial  discharges,  with  results  shown  in  [24].  These  measurements  show  the  extension  of 
hard  x-ray  emission  (>  50  keV)  to  almost  atmospheric  pressure.  A  problem  with  these 
measurements  was  parasitic  radial  discharges  with  probably  varying  position  of  the  x-ray 
source,  which  makes  the  quantitative  evaluation  of  the  measured  spectra  somewhat  un¬ 
certain.  In  a  third  set  of  experiments,  a  radial  discharge  was  used,  for  which  the  position 
uncertainty  is  eliminated.  Since  these  results  have  not  been  published  yet,  they  are  de¬ 
scribed  in  some  detail  in  the  following. 

Fig.  9  shows  the  sensitivity  curves  (i.e.  foil  transmission  times  scintillator  absorption) 
of  the  arrangement  used,  and  the  measured  PMT  signals  with  a  pulser  voltage  of  150  kV. 
The  large  variation  of  the  signal  amplitudes  has  been  compensated  with  neutral  density 
filters  to  assure  PMT  operation  in  the  linear  regime.  Data  points  represent  averages  and 
standard  deviations  of  5  discharges.  The  sensitivity  curve  for  lead  is  about  a  factor  of  10 
below  the  one  for  silver,  and  covers  about  the  same  spectral  range,  due  to  the  rather  large 
transmission  above  the  L-edge.  The  noise  level  due  to  noise  produced  by  the  pulser  and 
coupled  to  the  PMT  signal  at  the  time  of  x-ray  emission  has  a  signal  amplitude  of  about 
0.1  V,  which  defines  the  threshold  for  the  x-ray  measurements.  A  discrimination  of  ener¬ 
gies  substantially  larger  than  60  keV  is  difficult,  since  all  metallic  elements  with  atomic 
numbers  larger  than  the  one  of  silver  have  their  L-edges  in  the  region  of  60  to  80  keV. 
Note  that  the  good  reproducibility  of  the  discharges  allows  to  characterize  the  x-ray  spec¬ 
trum  from  multiple  shots. 


Fig.  9.  Left:  Spectral  sensitivity  for  the  x-ray  measurements  with  0.02  mm  Al,  0.25  mm 
Cu,  0.5  mm  Ag.  Right:  Measured  x-ray  signal  amplitudes  with  different  absorber  foils,  as 
a  function  of  pressure 

The  absorber  foil  materials  and  thicknesses  have  been  chosen  so  that  they  define  dif¬ 
ferent  energy  bands,  5  to  20  keV,  20  to  50  keV,  and  50  keV  to  the  maximum  possible  en¬ 
ergy  of  150  keV,  the  pulser  voltage.  This  upper  value  might  be  reduced  to  the  actual 
breakdown  voltage.  There  are  some  hints  in  the  literature  [11],  however,  that  polarizing 
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self  acceleration  might  lead  to  electron  energies  exceeding  the  equivalent  of  the  applied 
voltage.  Assuming  pure  Bremsstrahlung  emission  allows  to  estimate  the  electron  energy 
distribution.  Radiation  in  the  upper  energy  band  is  obviously  caused  by  electrons  with  at 
least  50  keV  energy.  The  number  of  these  electrons  or  the  corresponding  x-ray  signals  for 
Ag-absorber  is  small  compared  to  the  x-ray  intensity  or  electron  number  in  the  center 
band,  so  that  the  0.25  mm  Cu  curve  represents  the  number  of  electrons  in  the  center  band. 
The  same  argument  applies  for  the  transition  from  the  center  band  to  the  lowest  energy 
band.  As  a  consequence,  the  x-ray  intensity  curves  represent  the  approximate  relative 
number  of  electrons  in  the  corresponding  energy  bands.  A  more  detailed  quantitative 
analysis,  based  on  the  linearly  decreasing  bremsstrahlung  spectrum  of  monoenergetic 
electrons,  and  the  superposition  of  three  groups  of  electrons,  confirms  this  statement. 


3.3.  Spatial  discharge  structure  [23] 

Streak  camera  pictures  were  recorded  with  the  slit  perpendicular  to  the  discharge  axis, 
with  slit  widths  of  100  pm,  and  the  slit  positioned  just  above  the  cathode,  the  center  of 
the  gap,  and  above  the  anode  surface.  Typical  examples  are  shown  in  Figure  1 0. 

At  low  pressures,  around  10  torr,  the  discharge  is  rather  diffuse  and  covers  the  whole 
cathode  area.  For  higher  pressures,  individual  channels  can  be  seen  with  diameters  on  the 
order  of  1  mm.  Initial  channel  expansions  last  about  200  ps,  and  the  expansion  velocity  is 
approximately  2.5x1 08  cm/s.  The  tendency  for  simultaneous  development  of  multiple 
channels  increases  with  pressure.  Images  with  the  slit  at  the  center  of  the  gap,  or  in  the 
vicinity  of  the  anode,  show  similar  structures  with  slightly  larger  diameters,  but  with  in¬ 
tensities  one  to  two  orders  of  magnitude  lower  than  the  ones  in  the  vicinity  of  the  cath¬ 
ode.  Also,  a  channel  expansion  was  not  observed  at  these  positions,  the  channel  diameter 
starts  out  with  finite  size  and  is  constant  in  time. 

Figure  1 1  shows  streak  images  with  the  slit  parallel  to  the  discharge  axis.  A  rather  large 
slit  width  of  2  mm  has  been  chosen  to  capture  the  channels  which  vary  in  position  for  al¬ 
most  every  discharge.  A  sharply  bounded  region  with  high  luminosity  can  be  seen  in  the 
cathode  vicinity  (more  pronounced  at  higher  pressure),  and  a  region  with  constant  low 
level  luminosity  in  the  rest  of  the  gap.  Propagation  velocities  vary  between  5x1 08  cm/s 
for  low  (<100  torr)  and  high  (>300  torr)  pressure  and  109cm/s  for  intermediate  pressure 
(100  to  300  torr). 

Further  streak  pictures  have  been  taken  with  air,  and  they  do  not  show  any  discernable 
differences  to  the  ones  in  argon.  Pictures  with  slower  streak  speed  show  that  the  dis¬ 
charge  channels  -  after  the  build-up  phase  lasting  a  fraction  of  a  nanosecond,  are  virtually 
stationary  for  at  least  several  100  ns  after  the  end  of  current  flow,  with  decreasing  inten¬ 
sity  versus  time. 


3.4  Luminosity  and  afterglow 

The  detailed  results  of  luminosity  measurements  and  estimations  of  the  electron  density 
using  rate  equations  can  be  found  in  [23].  The  essential  feature  is  a  slow  plasma  decay, 
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where  after  1  ps  electron  densities  on  the  order  of  several  1012  cm'3  are  still  present.  This 
observed  slow  recombination  rate  might  impose  limitations  on  high  repetition-rate  opera¬ 
tion. 


0  05  1  1  5  2 

time  [ns] 


0  05  1  15  2 


time  [ns] 
300  tom 


0  05  1  15  2 

time  [ns] 


Fig.  9.  Streak  pictures  with  slit  perpendicular  to  the  dis¬ 
charge  axis,  close  to  the  cathode,  for  argon  gas  pressures 
(from  top  to  bottom)  of  10,  100,  300,  and  600  torr.  The  time 
range  (horizontal)  extends  over  two  nanoseconds,  the  spatial 
scale  (vertical)  covers  6  mm.  Electrode  diameter  was  6  mm. 
Deviations  of  the  traces  from  the  horizontal  are  due  to  a 
slight  internal  misalignment  of  the  camera.  A  logarithmic 
intensity  scale  has  been  used  to  better  show  the  discharge 
structure. 
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Fig.  10.  Streak  images  with  slit  parallel  to  the  discharge  axis, 
slit  width  2  mm.  Cathode  at  lower  limit  of  luminous  region, 
anode  at  upper  limit,  with  gap  width  1  mm.  Time  range  2  ns, 
spatial  scale  6  mm.  Same  pressures  and  arrangement  as  in 
Fig.  9.  Discharges  in  argon.  A  logarithmic  intensity  scale  has 
been  used  to  better  show  the  discharge  structure. 
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3.5  Modeling 

In  order  to  get  in-principle  information  about  the  behavior  of  electrons  during  discharge 
initiation,  a  rough  calculation  based  on  the  average  force-equation  was  carried  out.  De¬ 
tails  can  again  be  found  in  [23].  Fig.  12  shows,  as  an  example,  the  pressure  at  which  elec¬ 
trons  emitted  from  the  cathode  arrive  at  the  anode  with  more  than  90  %  of  the  available 
energy  (elementary  charge  x  gap  voltage).  The  reduced  runaway  field  would  be  E/p  = 
2.3x1 03  V/(cm  torr).  Literature  data  [11]  indicate  values  which  are  about  one  order  of 
magnitude  smaller,  but  these  values  are  related  to  the  threshold  of  runaway,  i.e.  when  a 
small  fraction  of  thermally  distributed  electrons  reach  runaway  conditions.  Fig.  13  shows 
the  number  of  ionizing  collisions  per  electron  emitted  from  the  cathode,  and  Fig.  14  de¬ 
picts  the  average  position  of  ionizing  collisions.  We  conclude  that  a  transition  from 
Townsend  to  streamer  breakdown  occurs  at  a  field  dependent  pressure  (e.g.  where  the 
number  of  ionizing  collisions  equals  unity  in  Fig.  13)  which  varies  from  10  torr  at  30  kV 
applied  voltage  to  80  torr  at  150  kV.  The  thickness  of  the  primary  ionization  layer  re¬ 
mains  independent  of  pressure  and  for  voltages  between  30  and  150  kV,  less  than  0.2 
mm.  For  a  further  discussion,  especially  on  the  possible  transition  to  streamers  under  run¬ 
away  conditions,  see  [23]. 


Fig.  12.  Pressure  at  which  the  electron  arrival  energy  is  90  %  of  the  gap  voltage,  for  a  gap 
distance  of  1  mm,  argon 
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Fig.  13.  Number  of  ionizing  collisions  per  primary  electron,  as  a  function  of  pressure  for 
a  gap  width  of  1  mm.  Parameter  is  the  applied  voltage. 


Fig.  14.  Average  position  for  ionization,  i.e.  Jw,(x)x<&7  Jw, (*)<&,  where  Wi  is  the  number  of 

ionizations  per  unit  length,  and  the  integration  extends  over  the  gap  width  from  cathode 
to  anode.  Parameter  is  the  applied  voltage. 
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4.  Discussion  and  conclusions 


Gaseous  breakdown  and  breakdown  along  lexan-surfaces  in  gaseous  environment  at 
pressures  below  one  atmosphere  were  investigated  using  voltage  pulses  with  200  ps 
risetime,  300  ps  duration,  and  amplitudes  between  40  and  300  kV.  With  a  specially  de¬ 
signed  system  consisting  of  coax  lines  coupled  via  dielectric  lenses  to  biconical  lines, 
these  pulses  could  be  applied  distortion-free  to  test  gaps  with  a  gap  width  on  the  order  of 
millimeters. 

Breakdown  occurs  in  virtually  all  cases  during  the  rising  part  of  the  pulse,  with 
breakdown  voltages  and  delay  times  having  a  minimum  of  about  100  ps  at  pressures  of 
10  to  100  torr.  Current  amplification  times  I/(dI/dt)  can  be  as  short  as  50  ps.  The  general 
scaling  law,  i.e.  E/p  as  a  function  of  px  [4,  26],  where  x  is  the  discharge  development 
time,  is  still  valid  for  our  parameter  regime,  see  Fig.  15.  Breakdown  curves,  i.e.  break¬ 
down  voltage  as  a  function  of  pressure  for  constant  dV/dt,  show  a  Paschen-curve  like  be¬ 
havior,  with  a  shift  of  the  pd  minimum  to  higher  values  if  dV/dt  is  increased. 

Physical  mechanisms  for  ultrafast  breakdown  are  dominated  by  runaway  electrons, 
where  a  substantial  number  of  electrons  is  accelerated  to  energies  which  correspond  to 
the  breakdown  voltage.  Previous  investigations  and  simple  modeling  have  shown,  that 
runaway  conditions  exist  for  the  whole  pressure  range  of  our  investigations,  and  that  the 
main  amplification  happens  in  the  vicinity  of  the  cathode.  We  expect  associated  space 
charge  fields  to  increase  field  emission  of  electrons  from  the  cathode,  starting  at  several 
10  torr  [23], 


Fig.  15  Scaling  law  E/p  vs.  px.  Circles:  data  points  from  Fig.  7,  Squares;  argon,  150  kV 
from  [23],  Line:  from  [4] 
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